This paper describes a new method for the analysis of coupling effects including the crosstalk effects between two driven coupled single-walled carbon nanotubes (SWCNTs) and the intertalk effects between two neighboring shells in a multiwalled carbon nanotube (MWCNT), based on transmission line circuit modeling. Using rigorous calculations, a new parametric transfer function has been obtained for the analysis of the impact of aggressor line on the victim line, which depends on the various coupling parameters such as the mutual inductance, the coupling capacitance, and the tunneling resistance. The influences of various parameters such as the contact resistance and the switching factor on the time behavior of coupling effects between the two coupled CNTs and an important effect named "crosstalk-induced delay" are studied and analyzed.
Introduction
Carbon nanotubes (CNTs) have owned a major importance for the next generation nanoscale technologies, since their discovery [1] . CNTs exhibit a ballistic flow of electrons with electron mean free paths of several micrometers and are capable of conducting very large current densities [1] [2] [3] . They are therefore proposed as potential candidates for signal and power interconnection [4, 5] . Depending on their chirality (the direction along which the graphene sheets are rolled up), CNTs demonstrate either metallic or semiconducting properties. Carbon nanotubes are also classified into singlewalled (SWCNT) and multiwalled nanotube (MWCNT). Figure 1 shows the equivalent distributed circuit model of an individual CNT (shell in a MWCNT). In this figure, mc is the imperfect contact resistance, is the quantum resistance, is the scattering-induced resistance, and are the kinetic and magnetic inductances, respectively, and and are the quantum and electrostatic capacitances, respectively.
The quantum resistance is equally divided between the two contacts on either side of the nanotube and can be expressed as = ℎ/(4 2 ) [6] where ℎ is plank's constant and is electron charge. For lengths greater than the mean free path value (ℓ > CNT ), scattering leads to an additional ohmic resistance which increases with length as = (ℓ/ CNT ) [7] . The total capacitance of a CNT arises from two sources: the electrostatic capacitance which is the intrinsic plate capacitance of an isolated CNT and the quantum capacitance which accounts for the quantum electrostatic energy stored in the nanotube when it carries current [8, 9] . Their relations can be found in [4, [8] [9] [10] [11] . The total inductance of a CNT arises from two sources: the magnetic inductance and the kinetic inductance. Their relations can be found in [10] [11] [12] .
The value of mean free path (MFP) for a CNT is diameter dependent and irrespective of the nature of SWCNTs (shells in an MWCNT), metallic or semiconducting, and we can assume CNT ≈ 1000 [13] .
Because of the high intrinsic resistance of a SWCNT, CNTs are used generally as CNT-bundle or multiwalled carbon nanotube (MWCNT) [3, [13] [14] [15] . Since in a bundle, all CNTs are connected to the same driving voltage and also they have equal geometric characteristics, the crosstalk effect between different CNTs in the bundle is not important. In a MWCNT, each shell, which itself is a SWCNT, has different geometric characteristics from the other shells. Also the contact resistance of each shell depends on its diameter [14, 16] and therefore is different from the other shell. The two mentioned differences between shells of a MWCNT imply that the distribution of potential through different shells 2 Journal of Nanotechnology
Figure 1: Equivalent distributed circuit model of an individual CNT (shell in a MWCNT) [13] . is not similar and this fact causes the coupling (intertalk) effects between neighboring shells to have a major role.
Ground plane
On the other hand, many of MWCNTs are often placed together in a VLSI circuit in order to achieve the high interconnect performances. Therefore, the coupling between the two adjacent MWCNTs would be very important. On the other hand, since the input driving voltage applied to each MWCNT might be different from each other, the analysis of coupling effects between them in the latter configuration would own a major importance. Figure 2 shows two neighboring MWCNTs which their outer shells affect each other and therefore the coupling between them should be considered.
The Coupling Effects between Two Coupled SWCNTs (Two Shells in a MWCNT)
As it is clear from Figure 2 , the neighboring shells in a MWCNT or the outer shells of two adjacent MWCNTs affect each other. The related interactions depend on the coupling capacitance, the mutual inductance, and the tunneling resistance, which will be discussed in the subsequent section.
The Coupling Effect Parameters.
In this section, the various coupling effect parameters in CNTs are defined and described. These parameters are classified into two categories. One category which is related to the interactions between the inner two neighboring shells in a MWCNT is named "intertalk effect" parameters and the other which is related to the interactions between the two coupled SWCNTs (or the outer shells of two adjacent MWCNTs) is named "crosstalk effect" parameters.
The Coupling Capacitance.
The coupling capacitance between two parallel carbon nanotubes each of length ℓ is given by [11, 17] = ℓ
where and are the center-to-center spacing between the two CNTs and the diameter of each CNT, respectively. Also the shell-to-shell coupling capacitance per unit length in a MWCNT can be obtained by using the coaxial capacitance formula [13]
where in and out are the diameters of the inner and outer shells, respectively. It should be noted that (2) is for the two neighboring shells in a MWCNT, where the space between them is 0.34 nm [13, 18] , and therefore we have out − in = 0.34 nm.
The Tunneling Resistance.
The tunneling conductance through the orbital overlap between two atoms of nearby shells in a multiwalled CNT (MWCNT) or a single-walled CNT (SWCNT), assuming elastic tunneling, is given by [19] ,atom =
where bin is the binding energy due to electronic delocalization and
is the density of state per atom. S is the surface occupied by one atom, that is, 2.6 (A ∘ ) 2 [19] , r is the shell (or SWCNT) radius, V is the Fermi velocity which is approximately 8 × 10 5 m/s [10] , and is the number of modes due to doping which is between 10 and 20 [19] . The binding energy bin has been theoretically estimated at ≈ 25 mev and measured around ≈ 35 mev [19] . Assuming = 15, = 5 nm, and bin = 35mev, we obtain ,atom ≈ 2.0855 × 10 −10 1/Ω using (3), (4) . The intershell conductance in a MWCNT is related to the tunneling conductance ,atom through = ,atom (2 / ). Using the above mentioned values we obtain that ≈ (4kΩ) −1 / m, which is in agreement with the reported values [19, 20] . Since the coupling area in a SWCNT is approximately the surface of an atom, the cross coupling conductance between the two adjacent CNTs is very small with respect to the above obtained value for the intershell conductance in a MWCNT. In this case, we can express the cross coupling conductance as = ,atom (2 / )/ , where is the number of atoms per the cross section of CNT and thus can be neglected in the crosstalk effect analysis between the two coupled adjacent CNTs. This discussion will be described in detail in Section 2.2. 
The Mutual Inductance.
The mutual inductance between two parallel current carrying wires can be calculated using [21] = 2ℓ [ [
where is the mutual inductance in nH and ℓ is the wire length in cm. Also denotes the geometric mean distance between the wires, which is approximately equal to the pitch of wires. As reported in the literature (e.g., [15] ), (4) can be used for the calculation of mutual inductance between two coupled CNTs, where is the center-to-center spacing between the two nanotubes. For the case where ℓ/ ≫ 1, the mutual inductance using (4) is simplified as
The mutual inductance per unit length between different shells in a MWCNT can be derived from [13] shell = 2
[ln ( 4ℓ
where ℓ is the length of each shell and in and out are the diameters of the inner and outer shells, respectively. Figure 3 shows two coupled CNT interconnects each with length ℓ where one has been assumed as aggressor line and the other has been considered as victim line. As mentioned in Section 1 and as clear from Figure 2 , these two coupled lines (interconnects) might be the two neighboring shells in a MWCNT or the outer shells of two adjacent MWCNTs. In this figure, is the fundamental (quantum) resistance, is the scattering resistance per unit length of the victim line, is the contact resistance of the victim line (which will be described in Section 3.2), and are the magnetic inductance and the kinetic inductance per unit length, respectively, of the victim line, and is the capacitance per unit length of the victim line which consists of the electrostatic per unit length and the quantum capacitance per unit length . The victim line is driven by a driver with the output resistance and output capacitance of and out , respectively, and is driving a load capacitance of . Also M, , and are the mutual inductance, the coupling capacitance, and the tunneling conductance per unit length, between the two CNTs, respectively. These parameters and their relations were mentioned in the previous section. The corresponding mentioned parameters of the aggressor line have been cleared with the prime ( ) notation in Figure 3 .
The Coupling Effect Analysis.
It should be noted that, for two similar coupled SWCNTs, the circuit model parameters mentioned above can be assumed the same for the aggressor and victim interconnect lines. Also since the space between the two neighboring shells in a MWCNT is 0.34 nm [13, 18] , assuming their diameters very larger than this value implies that we can consider their diameters approximately equal and therefore the circuit model parameters which are diameter dependent can be assumed the same for the aggressor and victim lines.
In the discussion of crosstalk effects between coupled interconnects, an important variable (effect) is defined and analyzed. This effect is "crosstalk-induced delay" which introduces the impact of the input voltage and circuit parameters of the aggressor line on the delay of the voltage at the end of the victim line. For this purpose, we define the input voltages of the aggressor and victim lines, as shown in Figure 4 . For analyzing the impact of the aggressor line on the victim line in Figure 3 , we define = 1 / 2 as the switching factor in which 1 and 2 are the slope of aggressor line input voltage and the slope of victim line input voltage, respectively. In this respect, for the circuit analysis purpose, we consider the equivalent circuit model defined in Figure 5 . In this figure, in order to show the impact of the aggressor line on the victim line, the following crosstalk-induced circuit parameters have been defined:
where MV , TV , and CV are the total equivalent magnetic inductance of the victim line, the total equivalent tunneling conductance, and the total equivalent coupling capacitance, respectively. The space between the two neighboring shells in a MWCNT is 0.34 nm [13, 18] . Thus assuming the diameter of each shell is much larger than 0.34 nm where this fact is correct for the two neighboring outer shells in a MWCNT, the circuit model parameters which are diameter dependent can be assumed the same for the two neighboring shells. Therefore, in addition to the interaction between outer shells of two adjacent MWCNTs, Figure 5 can be considered for the interaction between the two neighboring outer shells in a MWCNT, with a good approximation.
For calculating the input-output transfer function of the configuration in Figure 5 , we need to derivate the total transmission parameter matrix. The ABCD transmission parameter matrix for a uniform RLC transmission line of length ℓ is given by [22] [23] [24] [25] 
where 0 = √( + )/( ), = √( + ) , and = is the complex frequency. Recall that each segment in Figure 5 is a RLGC model, and the new parameters 0 and should be determined. Figure 6 shows two deferent segments, one is related to the RLC transmission line modeled interconnect, and the other is related to the RLGC transmission line modeled interconnect, respectively.
Comparison of the two sections (a) and (b) of Figure 6 implies that the ABCD transmission parameter matrix for a uniform RLGC transmission line of length ℓ can be written as
where ex = ( + )/2 and
The total ABCD transmission parameter matrix of the configuration in Figure 5 can be expressed as
Therefore, using (12) and (14), the matrix total can be written as
where Figure 5 : Equivalent circuit model for a driven victim CNT interconnect (an outer shell or inner shell of a MWCNT) as a victim line, with considering the impact of aggressor line, using transmission line modeling. 
The input-output ratio for the configuration of Figure 5 in Laplace domain can be written as
Substituting (16) and (17) in (20) satisfies
For simulation and analysis purposes, we need to convert (21) to a linear parametric relation. As it is clear from (13), if we could neglect the tunneling conductance TV , then the configuration of Figure 5 would be considered as a distributed (transmission) line RLC circuit where its R, L, and values are , ( MV + ) and (C CV + ) where MV and CV are defined in (8) and (10) . For this purpose as mentioned in Section 1, two important interaction effects in MWCNT structures might be considered. One effect is between the two neighboring shells in a MWCNT which we call it here "Intertalk effect," and the other is between the two adjacent MWCNTs which we call it here "Crosstalk Effect." As it is clear from Figure 2 , for the two coupled neighboring shells, the electron tunneling happens through the outer surface of inner shell. Thus in this case that is corresponding to "Intertalk effect," the tunneling conductance TV plays a major role and has a large value, where this fact is compatible with the experimental results [13] . For the case of two coupled adjacent MWCNTs as it is clear from Figure 2 , the area through which the electron tunneling happens is a narrow longitudinal band between the two MWCNTs. Therefore, in this case that is corresponding to "Crosstalk effect," the tunneling conductance TV has no major role and can be neglected in the related computations. This fact is also compatible with the discussion of Section 2.1.2.
In [25] , a similar configuration such as Figure 5 for a CNT-bundle interconnect has been discussed and the related input-output transfer function such as (21) has been obtained. In this discussion where no coupling effect has been considered, the CNT-bundle has been modeled as a uniform transmission line RLC circuit and a linear parametric relation for its input-output ratio has been calculated. As mentioned above for the case of "Crosstalk effect" between the two coupled adjacent MWCNTs, we can ignore the tunneling conductance TV and therefore Figure 5 can be considered as a transmission line RLC. In this case, the inductance and capacitance of each section will be equal to ( + CV ) and ( MV + ) where MV and CV are defined as (8) and (10), respectively,
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The Analysis of Defective Coupled
CNTs. Different structures of carbon nanotubes are usually under various defects such as tensile and compressive behavior and vacancy defects, which have been studied widely by the researchers [26] [27] [28] [29] .
In the case that the coupled SWCNTs or the walls in a MWCNT are defective or some structural defects are inserted between the CNTs, the behavior of total structure would be complicated. Since the basis of this paper discussion is according to the circuit modeling, the model of modified defective structure needs more attention to be introduced. For this purpose, accurate simulating methods such as ab initio and molecular dynamics should be applied in order to analyze the overall behavior of structure. In [26] , a deformed SWCNT under the tensile strain has been analyzed using Green's function method and a relation for the transmission function has been obtained. In [27] , a circuit model for the deformation region of a deformed SWCNT under the tensile strain has been proposed. In order to consider the influence of strain in our analysis for two coupled CNTs or two shells in a MWCNT, one can insert the equivalent circuit model introduced in [27] , , between each segment of transmission line in Figures 3 and 5 . In [28] , the load transfer between the inner and outer nanotubes in a MWCNT has been discussed and analyzed both in tension and compression, using molecular dynamics simulation.
The structural defects usually reduce the load carrying capacity of materials. In [29] , an anomalous vacancy-defectinduced enhancement of interwall load transfer in annealed defective carbon nanotubes (CNTs) has been studied and simulated using molecular dynamics method. Figure 7 shows a double-walled carbon nanotube (DWCNT) in which a deformation with 20 vacancy defects has been considered.
The structural defects are usually unwanted and unordered throughout the SWCNTs or MWCNTs; therefore, proposing a circuit model such as Figures 3 and 5 would be imprecise and complicated. For obtaining reasonable and accurate results in this respect, as mentioned above, the analysis methods such as molecular dynamics and ab The switching factor = −1 The switching factor = −10 The switching factor = −20
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The contact resistance = 10 kohms Figure 8 : The output response of the configuration in Figure 5 to the ramp input with the slope of 10 V/ns, using (22) , for various values of the switching factor.
initio which consider the atomic and subatomic calculations should be adopted. Figure 8 shows the output response of the configuration in Figure 5 to the ramp input with the slope of 10 V/ns, using (22) , for various values of the switching factor from −50 to −1. The output resistance and capacitance of the drivers have been assumed as 80 Ω and 12 fF, respectively. Also the load capacitance has been chosen 45 fF. Recall that CNT ≈ 1000 [13] , where is the diameter of CNT, the mean free path of each CNT ( CNT ) has been considered 5 m.
Simulation Results
As it is clear from Figure 8 , the propagation delay at the end of victim line increases with the increase of absolute switching factor. These variations will be discussed in the next section. Figure 9 shows the crosstalk-induced delay at the end of victim line (the configuration of Figure 5 ), for various values of the switching factor from −50 to −1. In this figure, the length of each CNT has been chosen 3 times the mean free path, and therefore as discussed in the previous section for the mean free path of 5 m, the length value will be 15 m.
The Crosstalk-Induced Delay.
As shown in Figure 9 , for the length of coupled CNTs equal to 15 m, the crosstalk-induced delay changes from 1.16 ns to 1.56 ns for the absolute switching factor values from 1 to 50, that is, a variation range of 34.5 percent.
The Impact of Contact Resistance.
In [14] , the impact of contact resistance on the behavior of CNT bundles in VLSI interconnects has been discussed and also a brief discussion of the contact resistance for SWCNTs has been presented. In [16] , the electrical contacts to SWCNTs for Rh (Rhodium) The diameter = 5 nm The center-to-center space = 10 nm The contact resistance = 10kohms Figure 9 : The crosstalk-induced delay at the end of victim line (the configuration of Figure 5 ), for various values of the switching factor.
and Pd (Palladium) contact materials have been studied, and the related contact resistance dependence to the diameter of CNT has been investigated. Based on the experimental measurements done in [16] , the following quadratic relation for the normalized increase in contact resistance of a SWCNT versus the diameter, for Pd and Rh contacts, has been suggested in [14] 
where rc and are the normalized increase in contact resistance and the diameter of CNT, respectively. The contact resistance remains relatively constant for > 2 nm and (23) is valid for 1 ≤ ≤ 2 nm [14, 16] . Also no measurements have been performed for < 1 nm, although the obtained results show the increase of contact resistance with the decrease of diameter. Figure 10 shows the output response of the configuration in Figure 5 to the ramp input with the slope of 10 V/ns, using (22) , for various values of the contact resistance from 0 to 50 kΩ. In this figure, the switching factor has been assumed equal to −1.
Conclusions
In this paper, we have studied the crosstalk effects between the two coupled SWCNTs (the outer shells of two adjacent MWCNTs) and the intertalk effects between the two neighboring shells in a MWCNT. One of the two coupled CNTs has been defined as the victim line and the other as the aggressor line. Using the transmission line circuit modeling, a new parametric transfer function has been obtained for the analysis of the impact of aggressor line on the victim line. This transfer function depends on various coupling parameters such as the mutual inductance, the coupling capacitance, and the tunneling resistance. Using the obtained transfer function, the time behavior of the coupling effects due to the aggressor line on the victim line and an important effect named as "crosstalk-induced delay" have been analyzed. The Figure 5 to the ramp input with the slope of 10 V/ns, using (22) , for various values of the contact resistance and with the switching factor = −1.
impact of contact resistance variations on the time behavior of coupling effects and also the impact of switching factor changing on the crosstalk-induced delay have been studied and analyzed. Also in this study, the influence of defects on the behavior of defective coupled CNTs has been discussed in short.
